Changes of blood vessels in the mouse so matosensory (barrel) cortex were assessed from birth (PO) to adulthood. Surface vessel anatomy and flow were ob served directly with videomicroscopy through closed cra nial windows and with intravascular fluorescent tracers. Histology was used to determine the internal capillary density. At birth, arterioles had numerous anastomoses with each other, pial capillaries formed a dense surface plexus, and pial venules and veins were relatively small and irregular. Morphological changes over the next 2 weeks included (a) fewer arteriolar anastomoses, (b) for mation and growth of venules, (c) more uniform diame ters of all types of vascular segments, (d) increase in in traparenchymal capillary length density (Lv), and (e) de creases in superficial capillary density and diameters. A simple morphological test showed that wall shear rates at arteriolar branch points were matched on average in neo nates and adults. Flow characteristics in single vessels were evaluated. In arterioles of like diameters, (a) V ma x'
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(b) peak wall shear rates, and (c) peak flows were similar at all ages; (d) velocity was very high in occasional arte riovenous (A V) shunts in newborns; and (e) flow in arte riolar anastomoses was slow and variable. Although flow was heterogeneous in all types of vessel, the marked sim ilarities in newborn and adult mice of average peak ve locities and calculated wall shear rates in arterioles of the same size suggest that blood flow regulates in part the remodeling of blood vessels during development (Rovainen et aI., 1992) . The rodent barrel cortex under goes major neuronal and vascular development, func tional differentiation, and remodeling during the first weeks after birth. It provides special opportunities for testing how blood vessels grow and adapt to supply the local metabolic requirements of neural modules in the brain. Key Words: Arteriole-Anastomosis-Arteriove nous shunt-Diameter-Lv-Murray's rule-Neonate Capillary-Vascular remodeling-V elocity-Wall shear stress-Whisker barrels.
angiogenesis and maturation of microvessels during the growth of the occipital cortex in rats with his tology and morphometry. Bar et al. (1986) illus trated corrosion casts of surface vessels in neonatal and adult rats in developing (parietal = somatosen sory) cortex. They showed that the surface of the cerebral cortex at birth to postnatal day 7 (PO-P7) is covered by a dense capillary plexus, which they likened to the embryonic cerebrovascular plexus. Immature surface vascular patterns included arteri olar circles and collaterals, venules crossing over arterioles, and direct connections between arteri oles and venules as candidate arteriovenous (A V) shunts. In adult rats, the pial capillaries had de creased, arteriolar collaterals were reduced, A V connections had disappeared, and conduit arteri-oles and venules had increased in length and diam eter (Bar et al., 1986) . Fetal development of endo thelial cells and morphometry of cerebral microves sels has also been described (Bar, 1980; Keep and Jones, 1990) .
The barrel cortex of rodents receives segregated sensory inputs from whiskers on the face (Woolsey and Van der Loos, 1970) . A barrel marks a cortical column that is principally and strongly activated by a single contralateral whisker (Simons and Wool sey, 1979) . Each barrel, demonstrated neuroana tomically in layer IV of the cortex, has a distinct capillary plexus often supplied by one terminal ar teriole (Woolsey and Rovainen, 199 1) . The barrels develop during the first week of life, and there is considerable neuroanatomical, neurophysiological, and neurochemical information about their changes from PO to adults (Woolsey, 1990) . Our long-term goal is to relate emerging vascular patterns and lo cal blood flow to neural development.
In the present study, in vivo videomicroscopy with fluorescent tracers was used to image patterns of and flow in cerebral cortical blood vessels during normal postnatal development through cranial win dows in anesthetized mice. Diameters of living ves sels can be measured and the dynamics of the mi crocirculation can be observed directly and quanti fied. The direction and velocity of blood flow were observed in individual arteries, arterioles, capillar ies, venules, and veins in the network daily after birth.
METHODS
Over 150 Swiss-Webster mice of both sexes from PO to adult weighing from 1.5-35 g were studied. They were anesthetized either by 2 mg/g of urethane i.p. or with methoxyflurane by inhalation (Metofane, Pitman-Moore, Mundelein, IL, U.S.A.). Two types of cranial windows were used. For PO-P3 mice, the skin was incised over the left hemisphere, and the muscles and periosteum were removed. The developing somatosensory barrel cortex was located by the patterns of the middle cerebral artery (MCA) and veins visible through the skull. The skull was opened, the exposed dura reflected, the craniotomy cov ered with artificial cerebrospinal fluid (ACSF), and a glass coverslip placed over the cut edges of skin. A sec ond type of cranial window was made for older mice with a metal (diameter of 6 mm, height of 1-2 mm) or a plastic ring (diameter of 3 mm, height of 0.5-1 mm) that was fixed to the skull with acrylic cement after the scalp and periosteum were removed. A craniotomy was made in side the ring with a 0.87 mm dental bit, the dura reflected. and the chamber filled with ACSF and closed with a glass coverslip. Detailed methods for adult mice are described elsewhere (Rovainen et aI., 1992 ; see also Morii et aI., 1986) .
Mouse ACSF had the following composition: 155 mM NaC!, 3 mM KCI, 2.5 mM CaCI2, 1.3 mM MgCI2, and 25 mM NaHC0 3 , equilibrated with 5% CO2 in air to pH 7.5 (Rovainen et aI., 1992; Morii et aI., 1986) . Fluorescent J Cereb Blood Flow Metab, Vol. 12, No.6, 1992 markers were 2% fluorescein isothiocyanate (FITC) dextran (MW of 150,000 Sigma, St. Louis, MO, U.S.A.), 5% rhodamine-dextran (MW of 73,000, Sigma), and 1.25% 1.3 fLm YG fluorescent latex beads (Polysciences, Warrington, PA, U.S.A.) in 150 mM NaCI. Total doses in neonates were 100-200 mg/kg of FITC-dextran and/or beads and up to 500 mg/kg of rhodamine-dextran. Under 450-490 nm fluorescent epi-illumination, FITC-dextran gave high-contrast images for mapping the vascular pat terns. Beads (450-490 nm excitation) and rhodamine dextran (510-580 nm excitation) were injected together for measurements of diameters and velocities. Bead ve locities and the blood vessel diameters were imaged al ternately by switching filters. On PO-P3, the tracers (15-20 fLl) were injected intracardially into anesthetized ani mals through 40-80 fLm glass pipettes before craniotomy. The injections changed heart rates by <10%. As early as PI but mainly in older mice, the right jugular vein was cannulated with heparinized Silas tic tubing with an outer diameter of 0.62 mm.
P5 to adult mice were mounted with a head holder (Woolsey, 1967) in a micromanipUlator under a Nikon Labophot epifluorescent microscope (Nikon, Boyce, St. Louis, MO, U.S.A.). Three objectives were used: x4 (N .A. 0.1) for overviews of the whole exposed field, which included the developing barrel cortex; x 10 (N.A. 0.25) for video scans and diameters of large arterioles; and a Nikon ELWD dry x40 (N.A. 0.5) for detailed mea surements of bead velocities and diameters of small ves sels. Images of the vascular patterns were recorded either with aDage 66 SIT camera (silicon intensified target cam era; Michigan City, IN, U.S.A.) or with a Quantex ICCD camera (intensified charge coupled device camera; Mat teau, San Carlos, CA, U.S.A.) on automatic settings. Strobe epifluorescence at 400 Hz with a GenRad 1538A stroboscope (Concord, MA, U.S.A.) and the ICCD cam era at high automatic gain were used to determine bead velocities from 2 to >50 mm/s in arterioles and venules (Rovainen et al.. 1992) . Electrocardiograms (ECGs) were recorded simultaneously as video inserts (Picture in pic ture, American Dynamics, Warrensburg, NY, U.S.A.). Video recordings were made with standard VHS record ers at 30 frames/so Some experiments were performed with mice on a heating blanket at 37°C during the surgery and scanning. In five PO-P4 mice that were cooled and warmed between 32 and 37°C, the heart rate did not change and velocities in cerebral arterioles at these tem peratures were assumed to be normal.
At the end of the experiments, mice were perfused in tracardially, first with saline and then with Kodak NTB 2 photographic emulsion (International Biotechnologies, New Haven, CT, U.S.A.) (de Paermentier et aI., 1986) . Brains were removed and fixed by immersion in 5% para formaldehyde (0.1 M phosphate buffered saline, pH 7.2) at 4°C for 24 h and then sunk in 30% sucrose. Tangential or frontal frozen sections were cut at 50 fLm. Emulsion perfused sections were stained for cytochrome oxidase (W ong-Riley, 1979) and developed photographically for reconstruction of cortical barrels and blood vessels and for measurements of intraparenchymal capillary densities.
Video images were digitized with a Scion capture card (Scion, Frederick, MD, U.S.A.) in a Macintosh IIx com puter (Apple, Cupertino, CA, U.S.A.) and were mea sured with Image 1.3 1 software from Wayne Rasband at the NIH. Diameters were averaged from 3-5 (adult arte rioles) to 10 measurements (neonatal arterioles) perpen-dicular to the axis at different points along a segment of each vessel (Table 1) . Single measurements of capillary diameters were used for the coefficient of variation (CV). Measurements of the internal capillary length density (L V > were made in sections of the cortex in which all small vessels were filled with emulsion. With transmitted light, the x40 objective was focused in the middle depth of the section. The captured image was divided into areas of 0.01 mm 2 • The "cumulative ruler" in Image 1.3 1 was calibrated from a stage micrometer and used to measure total projected lengths of vessels. The size criterion for Lv was a diameter of less than 10 j.Lm. This was large enough to include the largest internal and superficial capillaries (at PO; in adults, a few arterioles and venules were smaller than 10 j.Lm and were included. The Lv in mm/mm 3 was calculated from the total projected length of microvessels (IL'I) within the volume of the sections (volume = thick ness T x area A) by the equation Lv = 4IL'if7rTA. The factor 4111' assumes random orientation of capillaries (Pawlik et al., 1981) . Frontal and tangential sections through layer IV were compared (see Fig. SA ) to test for orientation bias in animals P3 and older after the barrels developed. The superficial capillary density (mm/mm 2 ) (see Fig. 5B ) was calculated from the total length of cap illaries in a measured area (0.1-0.5 mm 2 ) from in vivo FITC-dextran images obtained through a x40 objective with the SIT camera. The maximal lengths and widths of the fresh hem i spheres were measured in brains at differ ent ages and multiplied to estimate changes in cortical surface area (see Fig. 5C ).
RESULTS

Pial blood vesse ls on PO
The cerebral hemisphere at birth had -40% of the surface area of adults and was covered by two im mature networks of blood vessels (Fig. O . Arteries and arterioles were most superficial and were pat terned as in older mice. The MCA distributed over the somatosensory cortex from the anterolateral di rection and branched successively to small terminal arterioles, which turned and penetrated the cortex. The MCA at PO was loosely attached to the pial surface of the brain and was easily lifted. Anasto moses or collaterals between arterioles were fre quently observed (see Fig. 12 , of a second PO mouse). Most of these anastomoses were recog nized as arteriolar connections with convergent blood flow, either among branches of the MCA or between these branches and those of the posterior cerebral artery (PCA). Arteriolar circles or rings were also present.
A dense network of pial capillaries and small ve nules covered the surface of the cortex below the network of arterioles. Flow of blood cells in the capillaries converged into small, irregular, often curved venules. Even the largest pial venules were extensively connected with the pial capillaries. Red blood cell (RBC) flow was heterogeneous (see Fig.  4 ) through the surface network. RBCs flowed from deep sources (indicated by dark circles in Fig. 4) feeding the pial plexus of capillaries and venules.
The Lv of intraparenchymal microvessels was low at PO. Large direct anastomoses between pial veins were rarely seen, but extensive connections through the surface capillary plexus provided functional ve nous collateral circulation.
Postnatal changes
Pial blood vessels in a P7 mouse are shown in Fig.  2 . The patterns of major vessels were similar to those in adults. The network of pial capillaries was still present but less dense. Arteries and arterioles increased in diameters and lengths. The numbers of arteriolar anastomoses decreased and were abun dant in only 1 of 16 P7 mice. Venules increased markedly in diameter, elongated, and became less tortuous during the first week. Venules retained di rect connections with surface capillaries but re ceived much more blood flow from deep sources.
The four major quantitative postnatal changes in capillaries were an increase in internal length den sities, a decrease in surface density, a decrease in mean diameters of pial capillaries, and a decrease in variability (CV) in diameters of pial capillaries and arterioles. Intraparenchymal capillaries more than doubled in density by 2 weeks after birth and then increased more slowly (Fig. 5A ). Surface capillaries were attenuated with a shorter time course (P2-PlO). Pial capillaries of P7 were farther apart and smaller in diameter compared to PO. Patches of pial capillaries at P5-P7 that most resembled those at birth were found mainly around distal venules (Fig.  2) . Figure 5B shows the decrease in surface densi ties measured in vivo. This decrease was evidently related to the expansion of the surface area of the cortex during the period P2-PlO (Fig. 5C ). This was tested by multiplying the cortical surface area in Fig. 5C times the superficial capillary density in Fig. 5B . The result, shown in Fig. 5D , was that the surface density-area products did not change much after birth.
Frontal sections of brains perfused with emulsion also showed changes in surface capillaries. During the first postnatal week, dense pial capillaries were confined in the plane of the surface, and capillaries were relatively sparse in layer I, a pattern consis tent with video scans of surface vessels in neonates. In adults, surface capillaries were sparser in the plane of the pia. Capillary loops in layer I that were primarily connected to the intraparenchymal ves sels could rise near the surface. These were occa sionally connected to the pial capillaries and ve nules. This pattern is consistent with the appear ance of capillaries in videos of adults.
The mean diameters of superficial capillaries in vivo declined progressively from 9 to 4 J.1m (see Fig.  6A ). Mature capillaries were also more uniform in diameter, as indicated by a decline in the CV, in individual scans ( Fig. 6B ) and in all measurements at a particular age ( Fig. 6A ).
Vascular architecture in adults
The pattern of surface blood vessels in a mature mouse is shown in Fig. 3 . Surface arteries and veins had larger diameters, their walls were smooth, and they extended directly to cortical penetration sites, which had a blunted appearance. Most of the cap illaries visible from the surface appeared to be part of the intraparenchymal network. The MCA was securely attached to the pial surface and did not lift easily. All terminal arterioles and most of the ve nules penetrated the cortex. Occasionally, anasto-moses were observed between arterioles in young adults; in these collaterals, RBCs outlined by the FITC-dextran in the plasma moved slowly, inter mittently, or not at all. The mean value for Lv in tangential sections though layer IV in adult barrel cortex was 1,722 ± 276 mm/mm 3 (mean ± SD), significantly higher (P < 0.0 1, t test) than in frontal sections through the same layer (1,314 ± 34 1 mml mm 3 ). This suggests that capillaries were preferen tially oriented parallel to rather than perpendicular to the surface. This difference appeared as early as PI I (Fig. 5A ).
Murray's rule for arteriolar branch points in neonates and adults Murray (1926) calculated that blood flow in an arterial tree would be most energetically economi-cal if flow in each segment were proportional to its diameter cubed. The diameters at branch points provide a simple morphological test of Murray's cube rule because the total flow in the daughter branches (2 and 3) should equal that in the parent 0), i. e., QJ = Q 2 + Q3' and Di = D� + D�. Di ameters of pial arterioles with intravascular FlTC dextran were measured in vivo at branch points, exclusive of anastomoses and arteriolar circles.
The ratios of (D� + D�)lDi and the means ± SD are listed in Table 1 according to age. Except for P7-P8, the overall mean ratios were not signifi cantly different from 1.00. The closeness of the ex ponent of Dn for best fit was tested by varying n from 2.0 to 4.0. The crossing point for an overall ratio of 1.0 for 28 arteriolar branch points in adult mice was n = 2.7. This exponent was close to the relationship for calculated flows Q = k D 2 .5 de scribed below. However, the crossing point for 273 The ratio = (D� + D�)lDi was highly variable, but the means of the ratio at any age were close to 1.00. arteriolar branches in PO-P8 mice was n = 3.4 be cause the diameters of daughter branches in neo nates were slightly higher than expected for Mur ray's cubic relationship. A contributing factor was the enlargement of some D3 branches beyond their initial focal constriction. A subset of 35 arteriolar branch points with pronounced sphincter-like con strictions was selected from PO-IS mice, and D3
was measured both at the constriction and distally.
The mean ratios ± SD with diameters cubed were 0.95 ± .04 proximally and 1.08 ± .05 distally. The exponent Dn was varied from 2 to 4 as above; the crossing points at ratios = 1.0 were 2.7 for the con strictions and 3.7 for the distal values. Neonatal mice had more heteogeneous arteriolar branch geometries and diameters along segments than did adults. For Murray's ratio, SDs (Table 1) and CVs were greatest at P4, P7, and P8. Individual branches deviated markedly in either direction from 1.00. For diameters along individual arteriolar seg ments, the CV was higher in neonates than in adults, particularly for small arterioles (Fig. 7 ).
Blood flow in arterioles during development
Flow velocities in pial vessels were visualized and recorded by strobe illumination of nonocclud ing intravascular fluorescent beads (Rovainen et aI., 1992) . Velocities of beads in arterioles in neonates changed during the cardiac cycle and peaked during the 0.2-0.5 phase of the ECG (Fig. 8 ). V max was measured in 236 different arterioles in PO mice through adult animals (data from Rovainen et aI., 1992) . Arterioles with similar diameters had similar V max regardless of age (Fig. 9A) , and V max in creased approximately as the square root of arteri- Each point is the mean density of emulsion-filled vessels < 10 fLm in diameter in layer IV of cortex from 10-20,0.01 mm 2 fields from one hemisphere. Means ± SD for adults are from 10 hemispheres cut tangentially and 14 frontally. B: Densities of superficial capillaries measured from in vivo video scans. All capillaries, pial and intraparenchymal, seen through the x40 objective focused on the surface were used for measurements. Each datum was the total length (mm) of vessels < 10 fLm diameter divided by the surface area (0.1-0.5 mm 2 ) for one cranial window preparation. The graph plots means ± SD for N preparations at each age. Surface densities decreased during the first 10 days after birth and then stabilized to adult values. C:
The surface area increase of the cerebral cortex in postnatal life. The mean values ± SD for N preparations at each age were divided by the mean value in adults to obtain normalized values for each age. 0: The relative superficial capillary length (density x cortical area normalized to adult = 1.0) suggests that there is little net change in capillary length at the brain surface after birth. For all panels, dashed lines indicate adult means.
olar diameter both in neonates and adults. Peak wall shear rates were calculated from 4 V maxlD with the assumption of Poiseuille flow (Fig. 9B) . In adults and neonates, this parameter was highest in the smallest arterioles and declined approximately with the square root of the diameter. Excepting the smallest arterioles, the values for peak wall shear rates in any size class were not significantly differ ent in neonates versus adults (Rovainen et aI., 1992) . In a Poiseuille model for arterial flow, veloc ity along the axis should equal twice the mean ve locity along the vessel at any particular site and moment in time. The V max we measured is assumed to be the axial velocity at peak systolic flow. Thus, peak flow in each arteriole was calculated by V max'lTD2/8 (Fig. 9C) . In arterioles of a particular size, flow was the same in neonates and adults.
Flow in venules, A V shunts, and arteriolar collaterals
Bead velocities in venules and in large veins were slow compared to arterioles but faster than in cap illaries. The V max in venules usually was less than 2 mmls but was as high as 6 mm/s. Velocities in me dium-sized venules were often faster than in larger ones. Rare direct connections between arterioles and venules (A V shunts) in neonates were charac terized by their high flow velocities directly from an arteriole to a collecting venule without passing through capillaries (Fig. 10 ). Similar structures were not observed in adults. In a P2 mouse, the arteriole feeding the shunt had a V max of 4 mm/s, while V max in the shunt of smaller diameter was 11 mm/s (Fig. 11) .
Blood flow in the collaterals between arterioles was variable. It was apparent from movements of red cells in different connecting segments of the net works or arteriolar circles that some collaterals had flow as rapid as in normal terminal arterioles, but flow in others was slow or even stationary. In single collaterals over time, flow could increase or de crease, stop, or change direction. Examples of het erogeneous flow in arteriolar collaterals are shown in Fig. 12 .
DISCUSSION
The present work in mice extends histological de scriptions of normal development of the vasculature in the rat cerebral cortex (Bar, 1980; Bar et al., 1986; Keep and Jones, 1990) . At birth, rats and mice have dense surface capillary networks on the cere bral cortex. Anastomoses between the arterioles are common initially but decrease during matura tion. A V shunts existed in neonatal mice, as in rats, but were not observed in adults. Anastomoses be tween venules were less common in mice than in rats (S. Cox, personal communication). No imma ture venules crossing over arterioles were seen in scans of neonatal mice, in contrast to rats (Bar et al., 1986) . Bar et al. (1986) reported a postnatal reduction in pial capillaries in rats. In the present video scans of mice, the cortical surface capillary density de creased by one-half from P2 to PlO. This was cor related with the rapid growth of the hemispheres. From PI0 to adulthood, the observed density of su perficial capillaries did not change, but we could not distinguish between capillaries on the pia and those in layer I just below it. Cerebral blood vessels grow from endothelial sprouts that penetrate the embry onic brain from the pial vascular plexus, which acts J Cereb Blood Flow Metab, Vol. 12, No.6, 1992 as a scaffold for brain angiogenesis (Bar, 1980; Herken et al., 1989; Tiedeken and Rovainen, 1991) . If the capillaries have completed this developmental function, and if they contribute relatively little to the metabolic support of the brain, then they should regress, either by intrinsic mechanisms and/or as a consequence of diminished flow rates as the micro circulation shifts to the intraparenchymal vessels. The loss of capillaries in the pial plane, the increase in layer I intraparenchymal capillaries in histologi cal sections, and the shift from two-to three dimensional arrangement of surface capillaries in the videos support this conclusion.
The intraparenchymal capillary density in adult brains is well correlated with local blood flow, with the cerebral metabolic rate for glucose (Klein et al., 0.20 .. 1986; Borowsky and Collins, 1989) , and with local neural activity, e.g., central auditory nuclei. In rats, the intraparenchymal capillary density increases (Bar, 1980) in two phases from fetal stages to 3 weeks after birth (Keep and Jones, 1990) . In mice, the density of intraparenchymal capillaries in creased three-to fourfold after birth (Fig. 5A) . It was temporally related to the morphological and functional maturation of the whisker barrels (Wool sey, 1990). For example, in the first postnatal week, specific afferents enter the cortex and segregate into the characteristic barrel-like pattern (Senft and Woolsey, 1991) . Development of intracortical con nections (McCasland et aI., 1992) , dendrites axons, and glia (e.g., Crandall et aI., 1990; Peinado and Katz, 1990) , and functional responses (e.g., Melzer et aI., 1986) is rapid in the next weeks. It is of spe cial interest here that layer IV barrels appear in sections stained for cytochrome oxidase at P4 and the staining intensity (enzyme activity) increases over the next 2 weeks (Christensen et aI., 1990) .
The progressive increase in Lv after birth likely re flects increased neural activity and metabolic rate in the whisker barrels with functional maturation. The dictum ascribed to John Hunter that "Vessels go where they are needed" (Leibow, 1963) suggests a testable hypothesis, namely, neurons and synapses concentrated in the active barrels take the lead dur ing development of the cortex, while blood vessels, through angiogenesis and remodeling, develop and adapt to support these functional groupings.
There is a general relationship of V max to arteri olar diameter (Fig. 9A) . In smaller arterioles, this was essentially the same in neonatal and adult mice; the larger diameter arterioles found only in adults had higher V max ' s than in neonates. One possible hemodynamic mechanism for growth or regression of blood vessels is regulation by flow velocity and wall shear stress (Thoma, 19 11; Hudlicka and Tyler, 1986) . Specifically, endothelium in arterioles would respond to high or low wall shear stress and initiate signals for changes in the perimeter of the vascular wall. If a vessel had high shear stress, it should grow to reduce the ratio 4 V maxlD . Con versely, if wall shear stress were too low, the vessel should shrink to increase this ratio. If the ratio never reached the minimum preferred value, the vessel ought to regress (Rovainen et aI., 1992) . Ar teriolar collaterals in the immature pial arteriolar network had lower and less regular velocities than terminal arterioles. The arteriolar collaterals may provide alternatives that improve the efficiency of blood delivery to the intraparenchymal microcircu lation. Collaterals that, by chance, had the higher velocities and shear rates would be functionally val idated for survival and growth, while those with low shear rates would regress. Efficient blood flow with a uniform average wall shear rate could be satisfied when the ratio of the sum of the cubed diameters of the daughter arteri oles to that of the parent arteriole at branch points is 1.00 (e.g., Murray, 1926; Mayrovitz and Roy, 1983) . The mean ratios in scans of arterioles in vivo with fluorescent dextrans were 0. 94-1. 13 at differ ent ages, seemingly supporting Murray's cube rule. However, the diameters of individual arteriolar seg ments ( Fig. 7) and of individual arteriolar branch points (Table 1) were heterogeneous, especially at ages PO-P8. Functional heterogeneity is evident in the scatter of velocity-diameter data in Fig. 9A . The wall shear rate as a function of both velocity and diameter was also heterogeneous ( Fig 9B) . Nevertheless, for arterioles of the same size, the average values at different ages for the V max ' peak wall shear rate, and flow are essentially the same. This suggests that arteriolar wall shear stress is a Flow parameters in pial arterioles in ne onates and adults. A: Maximal velocities in ar terioles of different diameters. Circles, data from 111 arterioles in nine adults. The log-log line of best fit has a slope of 0.514 ± 0.084 (95% confidence limits). The log-log slope for the combined data (N = 125 arterioles) for PO-P7 is 0.535 ± 0.081. B: Peak wall shear rates in pial arterioles were calculated from 4Vmax/D, assum ing a Poiseuille flow. The log-log slope for adults is -0.486 ± 0.084 (95% confidence lim its) and for neonatal mice is -0.461 ± 0.081. c: Peak flow calculated from Vmax7TD2/8 at different ages. The log-log slope for adults is 2.514 ± 0.084 (95% confidence limits) and for neonatal mice is 2.537 ± 0.081. Data in A and B are the same set reported previously (Rovainen et aI., 1992) .
shear stress set-point model above predicts that AV shunts should be stimulated by high wall shear rate and continue to grow in diameter. However, their disappearance during normal development indi cates that other mechanisms adjust diameters and flow. This suggests that the postnatal mouse and rat could be used as models to elucidate such mecha nisms and to develop insights about the pathogen esis of A V malformations.
We have surveyed the architecture and flow of developing blood vessels in living mice with video imaging. Serial observations could extend these studies to normal angiogenesis and pathology. For instance, growth of blood vessels could be observed after localized application of angiogenic factors in the brain. By partial occlusion or damage of certain vessels, the regression or regeneration of the ves-\ ". Feeding arteriole. B: Shunt between the arteriole and the venule. C: Collecting venule. Note the increased intervals be tween bead spots in the shunt compared to the arteriole. The V max in the shunt was three times that of the feeding arteriole.
The velocities of the beads in the venule were too slow to produce separated spots at a 400 Hz strobe illumination. The estimated diameters from rhodamine-dextran images were as follows: arteriole, 25 f.lm; shunt, 10 f.lm; and venule, 30 f.lm. Scale bar represents 20 mm/s and 50 f.lm. sels could be manipulated and followed. Finally, development of the fundamental relationship be tween neuronal activity and changes of blood sup ply could also be investigated.
